ABSTRACT: A sequencing batch reactor (SBR) seeded with flocculated sludge and fed with synthetic wastewater was operated for an enhanced biological phosphorus removal (EBPR) process. Eight weeks after reactor startup, sludge granules were observed. The granules had a diameter of 0.5 to 3.0 mm and were brownish in color and spherical or ellipsoidal in shape. No significant change was observed in sludge granule size when operational pH was changed from 7 to 8. The 208-day continuous operation of the SBR showed that sludge granules were stably maintained with a sludge volume index (SVI) between 30 to 55 mL/g while securing a removal efficiency of 83% for carbon and 97% for phosphorus. Fluorescent in situ hybridization (FISH) confirmed the enrichment of polyphosphate accumulating organisms (PAOs) in the SBR. The observations of sludge granulation in this study encourage further studies in the development of granules-based EBPR process. Water Environ. Res., 84, 3 (2012).
Introduction
Sludge granules are formed when microbial cells aggregate into compact, dense, and fast-settling granules with a diameter ranging from 0.5 to 10.0 mm . In comparison to flocculated sludge, applications of sludge granules in wastewater treatment have gained increasing attention in recent years because of its good settling property, higher biomass retention, and tolerance to higher carbon loading and toxicity (de Bruin et al., 2004; de Kreuk et al., 2005; Dulekguren et al., 2003; Jiang et al., 2006; Lemaire et al., 2008) .
Sludge granulation could help overcome problems found in flocculated sludge wastewater treatment systems, such as sludge bulking, large footprint of treatment plant needed, and huge amount of waste sludge produced (Gerardi, 2002; Lin et al., 2003) . A comprehensive body of literature on use of sludge granules in anaerobic wastewater treatment has been growing since 1980s (Fang et al., 1995; Lettinga et al., 1984; Wu et al., 2001) . This technology has been widely adopted in both domestic and industrial anaerobic wastewater treatment operations because of its high organic removal efficiency and low operational cost in terms of aeration energy consumption . The upflow anaerobic sludge blanket (UASB) reactor is one of the best known anaerobic wastewater treatment process using sludge granules as a core component. Since late 1990s, research on sludge granules has moved toward aerobic granules. This wastewater treatment system has been reported to be effective in simultaneous removal of chemical oxygen demand (COD) and nitrogen (Beun et al., 1999; Tay et al., 2002; Yang et al., 2003; Yilmaz et al., 2008) . Recent studies have reported on the formation of sludge granules in enhanced biological phosphorus (EBPR) process (Ahn et al., 2009; Dulekgurgen et al., 2003; Lin et al., 2003; Wu et al., 2010) .
The EBPR process is a modified conventional activated sludge process with an anaerobic stage before an aerobic stage. This process is capable of removing both organic matter and phosphorus from municipal wastewater (Kawaharasaki et al., 2002; Seviour et al., 2003) . The alternating anaerobic-aerobic condition in EBPR process enables the selection and proliferation of polyphosphate accumulating organisms (PAOs), microbial populations responsible for phosphorus removal. Under anaerobic conditions, PAOs incorporate significant amounts of carbon substrate and store them as polyhydroxyalkanoate (PHA) while polyphosphate is released as orthophosphate (PO 4 32 ). During the aerobic conditions, PAOs degrade intracellular organic matter, and phosphorus is taken up to replenish their internal polyphosphate storage. Net phosphorus removal is achieved through waste of sludge that contains high levels of polyphosphate.
In the study carried out by Lin et al. (2003) , phosphorusaccumulating microbial granules were developed at different phosphorus:chemical oxygen demand (P:COD) ratios in a sequencing batch reactor (SBR) fed with synthetic wastewater and operated for EBPR. They further investigated the effect of P:COD on process performance, aerobic respirometric activity of the granules, size of granule, and density of granule. Dulekgurgen et al. (2003) reported that with the formation of sludge granules in their EBPR process, the settling time and initial SBR volume were reduced by half while influent COD concentration doubled. Ahn et al. (2009) demonstrated that operational pH can affect sludge granule stability. In their microassessment of sludge granules in the EBPR process, Wu et al. (2010) found that the positively charged sludge particles formed during the release of phosphorus in anaerobic condition could stimulate sludge granulation. Despite several reports on sludge granulation in EBPR process, the main factors affecting formation of granules remains unclear.
In an examination of the effect of operational pH on EBPR operated in a tropical climate, unexpected sludge granulation was observed. Sludge granules were stably maintained throughout the reactor operation, during which pH changed from 7 to 8. This paper presents the observations on the morphology of sludge granules formed and the phosphorus removal efficiency obtained during operation of granules-based EBPR process. Fluorescent in situ hybridization (FISH) was also used to detect the presence of the common PAOs, Candidatus Accumulibacter phosphatis.
Materials and Methods
Reactor Setup. A 2-L laboratory-scale anaerobic/aerobic SBR was set up for operation of the EBPR process. The reactor was operated for 208 days. Seeding sludge was collected from a conventional activated sludge (CAS) process of a local wastewater treatment plant (WWTP) located in Selangor, Malaysia (EBPR process is unavailable in Malaysia). The initial mixed liquor suspended solids (MLSS) in the reactor was approximately 2800 mg/L. By adding either 0.5 M HCl or 0.5 M NaOH, the operational pH of the process was adjusted to 7.00 6 0.05 for the first 158 days and then to 8.00 6 0.05 for the subsequent 50 days. The SBR was operated in six cycles per day with four hours for every cycle. Each SBR cycle consisted of five phases: 11 minutes of filling, 1 hour of anaerobic, and 2 hours of aerobic conditions; followed by 40 minutes of settling and 9 minutes of decanting. Anaerobic conditions were achieved through nitrogen purging during the first 10 minutes of the anaerobic period. Aerobic conditions were maintained by delivering air from an air compressor to the mixed liquor. Mixed liquor was mixed by a single agitator using a 6-bladed Rushton turbine throughout the anaerobic and aerobic phase. Solids retention time (SRT) and hydraulic retention time (HRT) were 10 days and 10 hours respectively.
Preparation of Synthetic Wastewater. The SBR was operated at 50 mg C/L with dissolved organic carbon-to-phosphorus (DOC:P) ratio at approximately three. Synthetic wastewater was prepared from concentrated feed solution, trace elements solution, and phosphate solution (adapted from Liu et al., 2007) . The compositions of each solution are listed in Table 1 .
Concentrated feed, trace elements, and phosphate solutions, at a ratio of 1:0.001:1, was diluted 20 times to the designed DOC loading/cycle and PO 4 32 -P loading/cycle before feeding to the SBR. To trace the development of the EBPR characteristics, one SBR cycle was monitored weekly for the profile of DOC and PO 4 32 -P throughout the reactor operation period. Analytical Techniques. The MLSS and sludge volume index (SVI) were measured using standard methods (APHA et al., 1998) . Mixed liquor samples from the SBR were filtered through 0.4-mm cellulose acetate membrane filter (Minisart NML, Sartorius, Germany) before DOC analysis; and a 0.2-mm regenerated cellulose syringe filter (Minisart RC 15, Sartorius, Germany) before PO 4 32 analysis. The DOC was assayed by a TOC analyzer (TOC-V CSN, Shimadzu, Japan), and PO 4 32 was measured by Ion Chromatography (861 Advanced Compact IC, Metrohm, Switzerland).
The method of PHA analysis proposed by Satoh et al. (1994) was adopted in this study for the analysis of polyhydroxybutyrate (PHB), which was analyzed using gas chromatography after methanolytic derivatization. The 3-hydroxybutyrate (3HB) standard was prepared using sodium 3-hydroxybutyrate (Sigma-Aldrich Corp., St. Louis, Missouri). The gas chromatographic analyses were conducted using gas chromatography (GC2010, Shimadzu, Japan), equipped with a capillary column (J&W, DBWax; film thickness: 1mm; length: 30m; I.D: 0.53mm) and flame ionization detector.
Bright field microscopy was applied by using a light microscope (DMLS, Leica, Germany), and images were captured with a camera (DFC 290, Leica, Germany) to evaluate the shape and size of the sludge granules. Next, FISH was applied to the EBPR sludge samples to determine the presence of the most common PAOs, Candidatus Accumulibacter phosphatis. The FISH procedures were adopted from Amann et al. (1995) . The oligonucleotide probes used were EUB 338, EUB 338-II, EUB 338-III, PAO 462, PAO 651, and PAO 846 (Proligo Singapore, Singapore). The EUB 338, EUB 338-II, EUB 338-III were labeled with FITC and prepared in an equimolar mixture, known as EUBmix; PAO 462, PAO 651, PAO 846 were labeled with Cy3 and prepared in an equimolar mixture, known as PAOmix. Samples were observed under a fluorescence microscope (DM 2500, Leica, Germany) after FISH procedures, and images were captured with a cooled charged-coupled device (CCD) camera (DFC 310 FX, Leica, Germany). The 50 ppm high concentration 49, 6-diamidino-2-phenylindole (DAPI) solution was used to stain intracellular polyphosphate (Kawaharasaki et al., 1999; Onuki et al., 2002) . Samples were collected at the end of aerobic phase, and staining was conducted on the paraformaldehydefixed samples.
Results and Discussion
Formation and Characteristics of Sludge Granules. Eight weeks after the SBR operation, sludge granules were gradually formed from loosely associated sludge flocs. The MLSS increased from the initial 2800 to approximately 5500 mg/L after nine weeks of operation and stabilized with the formation of sludge granules. The duration taken for sludge granulation in this study was comparable to studies conducted by other researchers. Dulekgurgen et al. (2003) observed sludge granulation in their laboratory-scale SBR seeded with flocculated sludge after 10 weeks of reactor startup. Lin et al. (2003) reported that sludge granules were formed after two months of operation in all five laboratory-scale SBRs with P:COD of 1:100, 2.5:100, 5:100, 7.5:100, and 10:100, respectively. In the study conducted by Wu et al. (2010) , sludge granules were formed starting on day 11 and stabilized after 40 days of reactor operation. A relatively short sludge granulation period was observed in all studies compared to the well-developed UASB process, which typically requires between 2 and 8 months for the successful development of sludge granules . Sludge granules formed in this study were brownish in color and either spherical or ellipsoidal in shape (Figs. 1a and 1b) . The granule shape was similar to that reported by Ahn et al. (2009) in which smooth and regularly spherical granules were formed in the SBR operated for EBPR. The diameter of the granules ranged from 0.5 to 3.0 mm. These compact and dense granules created a rapid settling rate in the SBR, with SVI of 30 to 55 mL/g. Dulekgurgen et al. (2003) reported stable sludge granules with diameters from 2.5 to 3.0 mm and an SVI of less than 40 mL/g. In the study by Lin et al. (2003) , the mean size of the sludge granules decreased from 1.65 to 0.42 mm but increased in compactness with increasing of substrate P:COD. An SVI of 12 mL/g was achieved in their study at the highest P:COD (10:100) as the sludge granules possessed highest compactness. Wu et al. (2010) also reported an average granule size of 0.74 6 0.05 mm and SVI at 33 mL/ g in their EBPR system. The low SVI values indicate that all these granule-based EBPR processes achieved excellent sludge settling quality.
This study contributes to the evidence of sludge granule formation in EBPR processes, which is consistent to reports by other researchers (Ahn et al., 2009; Dulekgurgen et al., 2003; Lin et al., 2003; Wu et al., 2010) . All of the studies observed sludge granulation in a laboratory-scale SBR seeded with flocculated sludge and fed with synthetic wastewater. The main carbon source in the synthetic wastewater was contributed by acetate in the study conducted by Lin et al. (2003) , Ahn et al. (2009) , and in the present work; Dulekgurgen et al. (2003) worked solely on acetate-based; and Wu et al. (2010) worked solely on propionate-based. The SBR operated in this study was comparable with the one run by Ahn et al. (2009) because both SBRs incorporated a six-blade Rushton turbine for mixing purposes, and the air diffuser was positioned at the base of the reactor. With these configurations, hydrodynamic shear force could be created when the mixed liquor was agitated and aerated. According to Liu and Tay (2002) , a higher shear force could stimulate formation of more compact and dense granules and initiate the production of extracellular polysaccharides, which mediate both cohesion and adhesion of cells. Moreover, the unique features of SBR-which incorporate settling period and volume exchange ratio (liquid volume withdrawn at the end of the given settling period over the total working volume of reactor)-also play a role in sludge granulation (Arrojo et al., 2004; McSwain et al., 2004; Hu et al., 2005; Wang et al., 2005) . The relatively short settling time and a high volume exchange ratio of SBR could exert significant selection pressure on sludge granulation through washing out of unsettled sludge and retaining the denser sludge.
Reactor Performance. After 13 days of SBR operation, the typical EBPR characteristics gradually emerged. Figure 2 shows the concentration profile of DOC, phosphorus, and 3HB of a monitored cycle that exhibits typical EBPR trend. More than 75% of the carbon substrate fed was taken up during the anaerobic phase. This reduction of carbon substrate in the bulk liquid environment corresponded to the increase of 3HB concentration in the sludge. Because hydrolysis of intracellular polyphosphate in PAOs provides the energy for anaerobic substrate uptake, the increment of phosphorus concentration in line with the reduction of DOC concentration in the wastewater during anaerobic phase was thus observed (Mino et al., 1985) . In the subsequent aerobic phase, both phosphorus concentration in wastewater and 3HB concentration in sludge were reduced. These observations were concordant with the typical EBPR characteristics where PHA was used for cell growth, cell maintenance, and energy generation for the recovery of intracellular polyphosphate by PAOs. Phosphorus in the wastewater was removed and aerobic phosphorus uptake always surpassed the anaerobic phosphorus release. The results of microscopic analyses shown in Figures 3i  through 3iv confirmed the enrichment of PAOs in the SBR operated for EBPR process. The FISH image with bright signals in Fig 3ii and Fig 3iii indicate the positive response to EUB-mix probe and PAO-mix probe respectively. As for DAPI staining, extremely bright signals in Fig 3vi indicate the presence of intracellular polyphosphate granules in the samples taken at the end of aerobic phase. This finding was in line with the phosphorus uptake by PAOs.
The SBR was operated continuously for 208 days. During the first 158 days, operational pH was adjusted to pH 7. It was switched to pH 8 starting on day 159. As shown in Figure 4 , there was a slight decrease in DOC removal efficiency of approximately 5% when the operational pH changed from pH 7 to pH 8. Conversely, the phosphorus removal efficiency with an average of 97% was achieved when the SBR was operated at pH 8. This was relatively higher than the 91% efficiency at pH 7.
The improvement of phosphorus removal efficiency when operational pH was switched to pH 8 could be due to the shift of microbial population in EBPR process. The presence of glycogen accumulating organisms (GAOs), the competitors of PAOs for carbon substrate in EBPR process, has important consequences for the deteriorated phosphorus removal efficiency. If a significant amount of GAOs was present, the VFAs available to PAOs became limited; thereby the phosphorus removal capability of PAOs would decrease (Cech and Hartman, 1990; Matsuo, 1994; Satoh et al., 1994) . Filipe et al (2001a) carried out a study on the stoichiometry and kinetic of acetate uptake by enriched cultures of PAOs and GAOs as a function of pH. They revealed that GAOs took up acetate faster than PAOs when the pH of the anaerobic zone was less than 7.25; whereas, the PAOs removed acetate faster than GAOs at pH greater than 7.5. Although there was no evidence to support the presence of GAOs in this study, greater phosphorus removal achieved at pH higher than 7.5 was in agreement with the findings of Filipe et al. (2001b) .
Apart from the EBPR performance, Ahn et al. (2009) reported that sludge granulation appeared to be influenced by operational pH. They observed sludge granules disintegrated at pH 7.5 but almost complete granulation happened at pH 7 and the size of granules further increased as pH reduced to 6.5. In contrast, the present work showed that sludge granulation was stably maintained and there were no significant changes in granules' size when the operational pH switched from pH 7 to pH 8. Thus, the effect of operational pH on sludge granulation need to be further studied.
Conclusions
Sludge granulation was observed in a 208-day continuous operation of an EBPR reactor. The brownish sludge granules were spherical or ellipsoidal in shape with size ranged from 0.5-3.0 mm. The switch of operational pH from 7 to 8 on day 158 of SBR operation did not change the morphology of the granules. The compact granules settled rapidly and were stably maintained with a SVI of 30 to 55 mL/g. This granule-based EBPR process achieved 97% phosphorus removal efficiency. Our observations substantiate that sludge granules in EBPR process can offer high phosphorus removal as well as excellent sludge settling. It offers a good solution to the poor biomass-liquid separation problem often experienced in EBPR process. However, factors governing the sludge granulation need to be further clarified in order to maintain a stable granule-based EBPR process. 
